Abstract: The increasing installation of photovoltaic panels in low-voltage grids causes an over voltage problem, especially during high production and low consumption periods. Generally the over voltage problem is overcome by implementing reactive power control methods. The advances in networked control systems theory and practice create new scenarios where reactive power control methods can offer additional features and benefits. To explore these new capabilities, this study presents two new reactive power control methods that exploit the networked approach. These two methods are evaluated in a comparative reference framework that also includes the base-line case where no reactive control method is applied, the conventional droop method approach, and a solution based on a near-optimal location of a high power STATCOM derived from one of the new proposed networked methods. The main merit factors used to compare the control methods are the maximum voltage across the distribution grid, the power factor in the point of common coupling, and the total power losses and economic cost of the installation. With these merit factors, the advantages and limitations of the new and existing control methods are revealed and discussed. A useful discussion for selecting the best control solution is also reported.
Introduction
Solar photovoltaic (PV) power is a commercially available and reliable technology with a significant potential for long-term growth [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A possible location for PV panels is in residential areas where they form a low-voltage (LV) distribution grid. The increasing amount of PV facilities may cause an over voltage problem in this power grid scenario, especially for high production and low consumption situations [14] [15] [16] [17] [18] . This problem is even magnified where power lines with high R/X ratios are used [18] .
Traditionally, the over voltage problem has been solved by reactive power compensation methods [19] [20] [21] [22] [23] [24] [25] [26] . The conventional technique is based on a droop function [19, 20] . Using this technique, reactive power is supplied according to the local measured voltage and without any communication network. The advances in networked control systems, where low bandwidth communication infrastructure links cooperating entities, offer new scenarios to possibly improve the performance of conventional techniques and/or to achieve complementary operating features. For example, in [21] [22] [23] , the local data is sent to all the PV units with the aim of equalising the reactive power injection. In addition, non-linear control techniques have been used to optimise the operation of these systems, such as fuzzy logic in [24] , neural network in [25] , swarm optimisation in [26] , and genetic and evolutionary algorithms in [27] [28] [29] . Control algorithms with better performance are expected using these techniques as discussed in [29] . Given that the control is normally distributed among the PV units, the non-linear techniques also require using the low-bandwidth communication infrastructure. Other advanced control techniques requiring fast communication channels, such as the solutions based on multi-agent intelligent systems were presented in [30, 31] . However, these techniques are not considered in this study due to the implementation complexity and the extra economical cost. As an alternative to previous solutions, distributed STATCOMs have been used to reduce the voltage profile of a LV grid [32, 33] . The location of the STATCOMs is analysed and discussed in detail in [33] , although it is really an open topic that requires further examination. Finally, even noting that there is a great variety of existing solutions, few comparative studies are available in the literature. In particular, probabilistic based studies compared compensation techniques for PV installations in [34] and wind generators in [35] .
The previous discussion indicates that (i) a great research effort has been conducted over the past decade to the development and improvement of techniques for reactive power compensation in LV distribution grids, (ii) the benefits of taking advantage of a communication infrastructure have not been fully explored, (iii) few studies have focused on constructing a thorough and useful comparison reference framework for future LV grid design. The contribution of this paper is twofold. First, it proposes two new reactive power control methods that permit further investigation of the benefits that a communication infrastructure can bring to LV grid operation with voltage regulation. Both have comparable communication requirements although one is based on a multi-master paradigm while the other one follows a master-slave configuration. In addition, one is based on a linear control scheme while the other one is based on non-linear control approach. Second, the paper presents a comparative study of new and existing reactive power compensation techniques in LV grids from the viewpoint of technical performance and cost. Five scenarios are considered. The first one is only used for base-line comparative purposes and is the case where no reactive power injection applies. The second one is the conventional droop compensation strategy. The third and fourth scenarios correspond to the new strategies presented in this paper. The fifth scenario is a single STATCOM solution with no communication, with a simple linear control scheme, but with an optimal-inspired location within the grid.
The comparison is carried out with a simulation model, developed in MATLAB © using the SymPowerSystems toolbox, and valid for the five considered scenarios. The power system is based on real data from a residential area located in Braedstrup, a village in the region of Østjylland, Denmark [36] . The main merit factors used to compare the control techniques are the maximum voltage across the distribution grid, the power factor in the point of common coupling, and the total power losses of the installation. In addition, economical cost is also included. Useful discussion for selecting the best control solution for the considered practical scenario is also reported.
The rest of the paper is organised as follow. In Section 2, the configuration of the LV grid is described. Section 3 presents the two new control strategies for reactive power compensation while describing the other scenarios considered in the performance analysis. In Section 4, the advantages and limitations of the evaluated control techniques are revealed through the analysis of the measured merit factors. Finally, the paper is concluded in Section 5 with remarks regarding the results.
LV grid configuration
The power system considered in this paper is explained next. Fig. 1 shows the configuration of the LV grid under study. The medium voltage (MV) grid (including the MV to LV transformer) is modelled as an ideal voltage source which is connected to the node 0 of the installation. Downstream of this source, a meshed topology with 24 nodes is built. Two breakers, B1 and B2, are normally closed to increase the power transfer capacity of this system. Underground cables are used in the installation to interconnect the source, breakers, and nodes. The impedance values of these cables are listed in Table 1 . Fig. 2 shows the PV generators and the local loads included in the node j of the LV grid (for j = 1 to 24). The figure also draws the line impedances between the nodes i-j and j-k. For simplicity, this study considers that all the PV generators have the same power production (P i = 10 kW), although in the practical installation the solar modules have different sizes.
In the presented LV grid, the over voltage problem is caused by the power production of the PV generators. The impedance of the interconnecting lines is mainly resistive (see Table 1 ) and thus the injection of active power to the grid notably increases the local voltage at each node. The worst case scenario corresponds to a situation characterised by the maximum power production and minimum power consumption. This is, in fact, a realistic situation which is experienced during the daily hours with peak solar irradiation and a very low consumption in residential areas (typically between 12 to 13 h in weekdays). This problem is typically overcome thanks to the capacity of the PV inverters to absorb reactive power. Different compensation techniques will be presented in the next section.
Reactive power compensation techniques
This section presents two new reactive power control methods developed on the basis that a communication infrastructure can be used to exchange information among the PV inverters. In addition, the other three scenarios considered in the performance analysis are also described. From a constructive point of view, the five scenarios are ordered as follows: (i) base-line case where no reactive power control method is applied, (ii) conventional droop method, (iii) and (iv) correspond to the new networked control methods, and (v) solution based on a near-optimal location of a high power STATCOM. All cases are analysed with respect to the grid described in the previous section.
Control strategy 1
The control strategy 1 corresponds to the case where no reactive power control method applies. It is included here only for comparative purposes and permits observing the voltage profile along the LV grid. Fig. 3 shows the measured voltage and reactive power at each inverter for this scenario. By looking at the top sub-figure, it can be noted that the distance between the power source and the nodes has a significant influence on the voltage profile. In fact, the impedance seen from each node to the source increases with distance and, as a consequence, the voltage also increases. The only nodes whose voltages break this tendency are nodes 12 to 16, in which the voltage is reduced due to the effect of the meshed configuration. Obviously, the bottom sub-figure shows that all nodes have their reactive power at zero because no reactive power control method applies.
Control strategy 2
The control strategy 2 is based on the conventional droop function used in power systems to coordinate the injection of reactive power among several distributed generators. Recently, this technique has been also employed in LV grids to prevent the over voltage problem [19, 20] . With the droop method, the reactive power Q i is calculated by the local measured voltage V i as indicated in (1)
where V i is expressed in p.u. (per unit) and m i is the slope of the proportional droop method. Fig. 4 illustrates a diagram for this control strategy that is implemented in each inverter. Note that no communication network is needed to implement the droop technique. Fig. 5 depicts the measured voltage and absorbed (negative) reactive power when using the control strategy 2. As expected, it is interesting to note in the top sub-figure that the voltages decrease compared with the results obtained with the control strategy 1 because in this case voltage regulation takes place. In addition, the absorption of reactive power (bottom sub-figure) follows the profile of the voltage but such as a mirror curve effect, which is the standard situation observed in systems employing the droop method when the grid is characterised as explained in Section 2.
Control strategy 3
Strategy 3 includes the first new networked reactive power control method presented in this paper. It is based on a two level control, as illustrated in the block diagram of Fig. 6 . The primary level, named local control (on the right-hand side of the block diagram), is still the droop control method implemented in each inverter and based on voltage regulation through Q, as indicated in (1) but with a new slope m a .
The second control level, named distributed control, is designed to fulfil an additional control objective which aims to provide an equal distribution of the reactive power absorbed by each inverter. The motivation behind this policy is to have all inverters contributing with the same effort that is suffering the same stress. To achieve this goal, communication between inverters is required following a multi-master paradigm. Each inverter broadcasts the reactive power that is injecting or absorbing. Hence, all inverters receive all the data about the measured reactive power and, as illustrated in the left-hand side of the block diagram of Fig. 6 , generate the average reactive power using all received reactive power Q j and their own measure Q i , as indicated in (2)
where n is the number of nodes. Then Q avg is supplied to a proportional + integral (PI) compensator, as indicated in (3)
being K p,Q and K i,Q the gains of the compensator. The PI controller (3) is responsible for achieving the reactive power equalisation. Note that the output of the compensator m d is added to the local slope m i to update the slope value of the conventional droop function m a . Hence, from an implementation point of view, all inverters implement the droop method as well as the operations indicated by (2) and (3). In other words, the distributed control is implemented in all inverters. Fig. 7 depicts the measured voltage and reactive power when using control strategy 3(beingK p,Q = 0.1 and K i,Q = 12). The voltage is similar to the results obtained in the previous section, but the profile of the reactive power is now equalised. The transient response of the system start-up is shown in Fig. 8 . At the beginning of the experiment (from t = 0 s to t = 1 s), the reactive power control is intentionally disabled. From t = 1 s to t = 2 s, the droop method is activated but only with local data (i.e. m a = m i ). Therefore, during this interval, the absorbed reactive power is different at each inverter. Finally, at t = 2 s, the control strategy 3 is activated and the reactive powers at each inverter achieve the same steady state value following different transient responses.
Control strategy 4
Strategy 4 constitutes the second new networked reactive power control method presented in this paper. Such as in the previous strategy, the droop method is still implemented in each inverter. However, in this case, the slope of the proportional droop controller given in (1) is updated following a completely different approach than the previous PI (3). First of all, the additional objective pursued by this new strategy is the minimisation of power losses in the whole system, including power losses in the underground cables and in the PV inverters. Second, the communication paradigm that is employed is based on a master/slave configuration. Fig. 9 shows the diagram of the new control strategy for the networked control system. A central database located in the master side is used here and receives all the active power P i that each inverter is injecting. Then, the master determines the optimal droop slope increments m c to be added to each original slope m i to have minimum power losses in the system for any combination of the power production in the PV generators. The problem with this control strategy is to find the appropriate values of m c that minimise the power losses with enough accuracy.
The solution to the mentioned problem can be obtained by using several non-linear optimisation techniques including those described in Section 1 [24] [25] [26] [27] [28] [29] . However, in this paper, the Nelder-Mead non-linear minimisation method is employed due to its easy application [37] . In particular, a recursive program using the MATLAB © fminsearch function has been specifically developed for the performance evaluation of the study presented below. An interesting issue regarding this policy refers to its implementation. First of all, it has to be decided which is the trigger condition that mandates to update the local droop slopes. In other words, which differences in active power injection are allowed without updating the local controls. Second, depending on the computational overhead of the implemented algorithm in the master node, two different approaches are foreseen. In the first one, when the computational overhead is low, the optimal m c could be computed online in the master node and sent to each inverter whenever required. The second one, when the computational overhead is high, the optimal m c for each inverter should be computed offline according to the production profiles, and stored in the master acting then as a central database. In the latter approach, different set of slopes for different profiles could be stored. In system operation, slopes updates could be sent whenever required. For this strategy, regardless of the implementation approach, the communication requirements would be the same.
The optimisation problem to compute the optimal slopes increments for each droop function aims at minimising the power losses. Knowing the voltage profile of the grid given in Fig. 3 when no reactive control method is applied, the cost function (CF) given to the fminsearch algorithm is written as
where k = 1000 and P losses are measured in the MATLAB © model as the difference between the power production and the active power injected into the grid. The regulation term k in (4) ensures that the node with the higher voltage (node 24 in this study) is stabilised to a pre-defined reference voltage V * 24 . To make the performance comparison among the control strategies easy, the reference voltage is chosen to be here as the maximum voltage of the control strategy 2. In a practical scenario, the reference voltage could be designed following a different approach. In fact, this parameter should be viewed as an additional degree of freedom of this control strategy.
It is also interesting to note that the second term in (4) forces inverters to absorb reactive power. In other words, removing this term of the CF results in a set of slopes m c that give a solution in which the reactive power absorbed by the PV inverters is nearly zero. Obviously, in this situation the power losses are minimal.
However, in this case no reactive power regulation is provided and over voltage problem could still appear. Fig. 10 shows the measured voltage and reactive power when using the control strategy 4. Note that, although the voltage profile is different when using the control strategy 2 (see Fig. 5 ), the voltage at node 24 coincides in both cases. In addition, the absorption of reactive power that minimises the power losses is mainly carried out by only five PV generators (those located at nodes 20, 21, 22, 23, and 24) . This fact suggests that in the analysed situation, the reactive control algorithm could be disabled in most of the PV generators with only a small penalty in the power losses. Fig. 11 shows the evolution of the CF. Note that, from step 1350, the reduction in the CF is nearly negligible, reaching at this step the solution to the optimisation problem.
Control strategy 5
The results obtained with the use of control strategy 4 suggest that most of the PV inverters could have the reactive power control algorithm disabled. The five active inverters (from 20 to 24) absorb all the necessary reactive power and thus they should be designed with a higher power rating than the other inverters. Following this idea, the extreme situation could be to consider only one high power rated inverter absorbing all the reactive power. This scenario can also be implemented using a high power STATCOM assuming the responsibility of absorbing all the reactive power. In this case, all the inverters would have the same power rating which is an interesting feature from the point of view of maintenance and replacement. According to Fig. 10 , the STATCOM should be located at node 24. With this system design, the inverters do not need reactive power control loops, the communication infrastructure is not required, and only a local voltage regulation loop is necessary at the STATCOM.
This scenario has been also considered to be of interest to the comparative performance analysis that is presented in this paper. Although the use of STATCOM is not really new, the optimal-inspired location that can be derived from strategy 4 makes its inclusion worth for comparison. In fact, the practical application of control strategy 5 in different LV distribution grids requires, as a previous design step, the analysis of the reactive power absorption provided by the control strategy 4 to determine the best location of the high power STATCOM. The diagram of the linear control scheme for the proposed control strategy 5 is shown in Fig. 12 . It consists of a simple PI compensator implemented in node 24 as expressed in (5)
where K p,V and K i,V are the PI gains and n = 24 in this study. To simplify the comparison among control strategies, the reference voltage V ref is chosen again as the maximum voltage of the control strategy 2. Note also that the droop control method is not employed for this single compensator. Fig. 13 shows the measured voltage and reactive power when using the control strategy 5 (K p,V = 0.1 and K i,V = 12). The reactive power is exactly zero in all inverters and the STATCOM absorbs the necessary reactive power to regulate the voltage at node 24. As expected, this voltage coincides with the measured value when using the control strategy 2.
Results and discussion
In this section, the performance of the five reactive power compensation techniques is compared. The merit factors are the maximum voltage across the distribution grid, the power factor in the point of common coupling, and the total power losses in the installation. In addition, a qualitative economical cost is also included in the comparison.
Ideally the best strategy should be one accomplishing the following objectives:
(i) the voltage across the distribution grid is minimum, (ii) the power factor in the point of common coupling is maximum (unity), (iii) the power losses in the power system are minimum, (iv) and the extra cost to get these features is minimum (zero).
Unfortunately, none of the considered strategies fulfil these four objectives simultaneously. Below is a discussion on the results provided by the control strategies and an attempt to identify the best strategy considering the ideal features listed above. Table 2 shows the measured results for the control strategies. Moreover the qualitative cost estimation is included to enrich comparison. The control strategy 1 provides the base values for the merit factors: the maximum voltage is slightly lower than the limit value (1.1 p.u.) [38] ; the power factor is unity, which means that no reactive power absorption is done with this technique; and the power losses are minimum (compared with the rest of strategies). Note that three of the four listed objectives are achieved. Therefore no reactive power absorption is a good strategy if the maximum voltage is not exceeded. The problem with strategy 1 is that no action is taken to prevent the voltage excess, thus voltage overshoot could not be avoided.
The power factor with the control strategy 2 is 0.9. This is the minimum power factor accepted in the point of common coupling to limit the loading of the coupling transformer. The values of the local slopes m i for the droop functions have been designed for this control strategy to guarantee the achievement of this power factor (m i = 104,600). These values have been maintained unchanged for the rest of the control strategies. The absorption of reactive power reduces the maximum voltage to 1.0825 p.u., but also produces a significant increase in the power losses. The advantage of this control strategy is that the voltage reduction is achieved with no penalty in the economic cost of the installation because no extra cost is required to implement the local droop function in the digital controllers of each PV inverter. Although only two objectives are achieved (minimum voltage and no extra cost), strategy 2 is considered better than strategy 1 as it provides voltage regulation in the inverters, thus preventing the over voltage problem.
The power factor with control strategy 3 is 0.9226. This means that the reactive power absorbed by the installation is lower in this case compared with control strategy 2. That is, lower total reactive power is required to equalise the local reactive power absorbed by each PV inverter. The consequence of this decrease in reactive power absorption is a penalty in the voltage reduction (the measured maximum voltage is higher with this technique). With lower reactive power absorption, the power losses are also reduced in comparison with control strategy 2. However, the deployment of a communication infrastructure is necessary to implement control strategy 3 which produces a small increase in the economic cost of the installation. It is worth mentioning that none of the control objectives listed above is achieved with this technique. Therefore, this networked control system produces inferior results compared with the local control (with no communication) provided by control strategy 2.
The maximum voltage measured with control strategy 4 is as low as 1.0825 p.u., thus coinciding with the good result obtained with control strategy 2. In addition, this result is achieved with lower reactive power absorption (observe that the power factor is very high in comparison with the measured value for the control strategy 2), which reduces the power losses. To be more precise, a reduction of 7.7% in power losses is obtained in control strategy 4 in comparison with control strategy 2. This performance improvement is reached with a significant increment in the economic cost of the installation. The reactive power profile with control strategy 4 suggests that five high power rating inverters should be employed in nodes 20 to 24, incurring in an extra cost compared with the previous strategies. Therefore, control strategy 4 is the best strategy from a technical viewpoint. However, it is also the one that requires the higher investment.
The maximum voltage with control strategy 5 is also 1.0825 p.u. Thus the measured power factor and power losses can be easily compared with control strategies 2 and 4. In particular, a reduction of 6.6% in power losses in comparison with control strategy 2 is obtained given that lower reactive power is absorbed in this case. This also denotes slightly higher absorption of reactive power in comparison with control strategy 4. Summing up, the results of control strategies 4 and 5 are very similar. However, the extra cost estimated for control strategy 5 is lower. Note that in this case no communication infrastructure is required and only one extra high power converter (instead of five) is necessary.
Conclusion
Two new reactive power compensation techniques have been proposed in this study to alleviate the over voltage problem existing in LV grids with high penetration of PV technology. Both techniques are based on a networked control system with low-bandwidth communication infrastructure. The first proposal (named strategy 3) is a linear control scheme with a multi-master communication approach between the PV inverters. The second proposal (named strategy 4) is based on a non-linear control scheme trained to minimise the power losses in the installation and implemented with a master-slave communication approach.
Moreover a thorough and useful comparison reference framework has been developed for future LV network design. This framework is applied to new and existing compensating techniques including the conventional droop method (strategy 2), the new proposals (strategies 3 and 4), and a single STATCOM with simple linear control and no communication requirements (strategy 5), but with an optimal-inspired location within the installation.
The concluding remarks of the comparative study are listed below:
(i) Strategy 2 achieves minimum voltage in the distribution grid with any extra economical cost. However, these good results are achieved absorbing maximum reactive power and thus penalising the efficiency of the installation. This technique should be considered as a good candidate when the cost is a main concern in the system design.
(ii) The practical use of control strategy 3 is limited due to its inability to reduce the maximum voltage compared with the control techniques 2, 4, and 5. (iii) The best technical solution for the LV distribution grid under study is control strategy 4. The price to pay for this superior performance is an excessive extra economical cost to both acquire five high power rating inverters and implement the communication infrastructure. (iv) A good solution for the LV distribution grid is also control strategy 5 with only slightly lower measured results. The need of only one high power converter (instead of five) and the fact that no communication infrastructure is required reduces drastically the extra cost of this solution. Thus it should be considered as a good candidate for the final design. 
